Available evidence strongly suggests that the g-aminobutyric acid type A (GABA A ) receptor has a crucial role in memory retrieval. However, the signaling mechanisms underlying the role of GABA A receptor modulation in memory retrieval are unclear. We conducted one-trial passive avoidance task with pre-retention trial drug administration in the hippocampus to test the effects of GABA A receptor modulation on memory retrieval. We further tested the co-involvement of signaling molecules: extracellular signal-regulated kinase (ERK), Ca 2 + /calmodulin-dependent protein kinase II (CaMKII), and cAMP responsive element-binding protein (CREB). First, we observed that the phosphorylation of hippocampal ERK was required for memory retrieval during the task. Accordingly, to investigate whether GABA A receptor activation or inhibition induces ERK phosphorylation during memory retrieval, drugs that target the GABA A receptor were administered into the hippocampus before the retention trial. Muscimol, a GABA A receptor agonist, and diazepam, an agonist to benzodiazepine-binding site of GABA A receptor, blocked retention trial-induced ERK phosphorylation and impaired memory retrieval. Furthermore, co-treatment with sub-effective dose of U0126, a mitogen-activated protein kinase inhibitor, blocked the upregulation of ERK phosphorylation and impaired memory retrieval, and bicuculline methiodide (BMI), a GABA A receptor antagonist, increased ERK phosphorylation induced by the retention trial and facilitated memory retrieval. Finally, the effects of BMI were blocked by the co-application of a sub-effective dose of U0126. These results suggest that GABA A receptor-mediated memory retrieval is closely related to ERK activity.
INTRODUCTION
Many pharmacological aspects of the GABAergic neurotransmitter system have been elucidated, including its anxiolytic, anti-convulsive and anesthetic activities (Skolnick and Paul, 1981; Brailowsky and García, 2009; Christmas et al, 2008; Henschel et al, 2008) . In addition, the involvement of the GABAergic neurotransmitter system in learning and memory is supported by a substantial body of evidence (Makkar et al, 2010) , although there is controversy (Castellano et al, 1996) . For example, the g-aminobutyric acid type A (GABA A ) receptor antagonists including bicuculline (GABA-binding site) and flumazenil (benzodiazepine-binding site) enhance (Brioni and McGaugh, 1988; Castellano and Pavone, 1988; Herzog et al, 1996; Luft et al, 2004; Matsuyama et al, 2008) or impair (Nabeshima et al, 1988; Chrobak and Napier, 1991) memory formation depending on the study. GABA A receptor agonists, including muscimol (GABA-binding site) and diazepam (benzodiazepine-binding site), impair learning (Chrobak et al, 1989) and memory McGaugh, 1989, 1990; Shah and Parent, 2003; Krebs-Kraft et al, 2007; Kim et al, 2009) . These findings suggest that the GABA A receptor has an important role in learning and memory. However, comparatively little work has been conducted regarding the intracellular molecular mechanisms through which GABA A receptor modulation affects memory processes.
Previous reports have suggested a possible interaction between the GABA A receptor and extracellular signal-regulated kinase (ERK) signaling (Kalluri and Ticku, 2002; Igaz et al, 2006; Zheng et al, 2007) . The ERK subfamily of mitogen-activated protein kinase (MAPK) contributes to crucial signal transduction systems that regulate cAMP response element-binding protein (CREB) activity, which has a key role in long-term memory formation (Ahi et al, 2004) . The early activation of ERK signaling in the hippocampus is necessary for the establishment of longterm memory (Giovannini, 2006) . Memory formation can be blocked by the administration of U0126, an inhibitor of MAPK/ERK-kinase (MEK), into the CA1 region of the hippocampus (Sananbenesi et al, 2003; Trifilieff et al, 2006) . It has also been reported that MAPK/ERK are involved in various types of memory retrieval and extinction of stepdown inhibitory avoidance and auditory fear conditioning Herry et al, 2006; Bonini et al, 2011) . Although the GABA A receptor is known to be strongly involved in learning and memory processes, the signaling cascades associated with memory retrieval have not yet been elucidated. Hall et al., (2001) suggested that the molecular signaling underlying gene expression and protein synthesis during memory acquisition are reactivated during memory retrieval. Thus, it is possible that muscimolinduced memory deficits and concomitant decreases in hippocampal ERK phosphorylation impair the memory retrieval process. Therefore, we hypothesized that GABA A receptor modulation is involved in the memory retrieval process through the modulation of hippocampal ERK-CREB signaling. To test this hypothesis, we first confirmed the importance of this signaling pathway in memory retrieval using KN62, a selective and cell-permeable inhibitor of CaMKII, which is an alternative pathway involved in CREB signaling (Ahi et al, 2004) , and U0126, a MAPK inhibitor. Next, we examined the effect of GABA A receptor agonists (muscimol and diazepam) or antagonists (bicuculline methiodide (BMI) and flumazenil) on memory retrieval and concomitant ERK-CREB signaling changes in the mouse hippocampus using a one-trial passive avoidance task.
MATERIALS AND METHODS

Animals
Male ICR mice (25-30 g, 7 weeks old) were purchased from the Orient, a branch of Charles River Laboratories (Seoul, Korea). Mice were housed five per cage, provided with food and water ad libitum, and kept under a 12-h light/dark cycle (light on 0730 hours to 1930 hours) at constant temperature (23±2 1C). Animal treatment and maintenance were performed in accordance with the Animal Care and Use Guidelines issued by Kyung Hee University, Korea. We used a total of 550 mice; different mice were used in each experiment (Supplementary Table 1 ). All efforts were made to minimize the number of animals as well as their suffering.
Materials
Muscimol, BMI, flumazenil, KN63 and U0126 were purchased from Sigma Chemical (St. Louis, MO). Diazepam was from the Daewon Pharmaceutical Company (Seoul, Korea). Anti-CaMKII, anti-phosphorylated CaMKII (pCaM-KII), anti-ERK, anti-CREB, anti-phosphorylated ERK (pERK), and horseradish peroxidase-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-phosphorylated CREB (pCREB) antibody was purchased from Upstate Biotechnology (Lake Placid, NY). Vecta stain ABC kits were purchased from Vector Laboratories (Burlingame, CA). All other materials were of the highest grade available and were obtained from normal commercial sources.
Microinfusion of Drugs
Mice were placed in a stereotaxic frame (David Kopf Instruments, Tujunga, CA) under Zoletil 50 anesthesia (10 mg/kg, i.m.), and guide cannulae (26 G) were aimed at the hippocampal CA3 region (AP, À2.10 mm from bregma; ML, ± 2.50 mm from midline; DV, À1.50 mm from the dura) using an atlas of the mouse brain (Paxinos and Franklin, 2001 ). The guide cannulae were fixed to the skull with dental cement and covered with dummy cannulae. Following surgery, mice were allowed to recover for 7 days. BMI and muscimol were dissolved in artificial cerebrospinal fluid; flumazenil, U0126 and KN62 were dissolved in 0.1% DMSO in saline (0.9% NaCl) before infusion. Fifteen minutes before the retention trial, mice were carefully restrained by hand and bilaterally infused with BMI (0.25, 0.5, or 1 mg/ml/side, Luft et al, 2004) , flumazenil (0.5, 1, or 2 mg/ml/side, Gonzalez et al, 1998) , muscimol (0.25, 0.5, or 1 mg/ml/side, Holt and Maren, 1999) , diazepam (10, 20, or 40 mg/ml/side, Wesołowska et al, 2006), U0126 (0.25, 0.5, or 1 nmol/ml/side, Kim et al, 2009) , KN62 (1 mg/ml/side, Ahi et al, 2004) or vehicle through injector cannulae (30 G) extended 1.0 mm beyond the tips of guide cannulae. The infusion volume was 1 ml/side, and the infusion rate was 0.5 ml/min. In the case of KN62, the dose was chosen to fully inhibit CaMKII activity (Ou and Gean, 2007) . After the infusion, the infusion needle was left in the guide cannula for 1 min to ensure proper delivery of the reagents. At the end of the experiment, the position of the cannulae was verified by injection of 0.1 ml of 1% Evans Blue solution in saline (Figure 1) . A total of 48 mice (out of 598) were excluded from further analyses on the basis of these histological findings.
Passive Avoidance Task
The acquisition and retention of passive avoidance behaviors were examined using identical illuminated and non-illuminated (20 Â 20 Â 20 cm 3 ) boxes separated by a guillotine door (5 Â 5 cm 2 ), as described elsewhere (Kim et al, 2008) . The animals underwent two separate trials. First, in the acquisition trial, a mouse was initially placed in the light compartment, and the door between the two compartments was opened 10 s later. When the mouse entered the dark compartment, the guillotine door automatically closed, and an electrical foot shock (0.25 mA, 3 s, Kim et al, 2007) was delivered through the floor. The latency time before crossing into the dark chamber was recorded. Only the mice that entered the dark chamber within 60 s were subjected to a retention trial. For the retention trial, the mouse was again placed in the light compartment and the latency time before crossing into the dark compartment was recorded (up to 600 s). The control group underwent normal acquisition but did not undergo a retention trial, and control animals were killed at the time point equivalent to other groups. To examine the effect of drugs on pain threshold, electrical foot shock (same as the acquisition trial) was delivered and the responses to foot shock was checked when mice entered dark compartment in the retention trial. Responses to electric shock were recorded as described elsewhere (Wang et al, 2001 (Wang et al, , 2004 . The following scores were awarded based on the responses to electric shock: 3, jumping: 2, vocalization: 1, flinching: 0, no response. This was conducted 15 min after drug infusion into the hippocampus. We found that no drugs that used in the present study affected pain threshold when they were injected into the hippocampus (Supplementary Figure S2) .
Spontaneous Locomotor Behavior
To investigate the motoric effect of the indicated dose of GABAergic drugs during the passive avoidance task, spontaneous locomotor behavior was measured as described previously . Briefly, the mice were placed in the center of a horizontal locomotor activity box (40 Â 40 Â 40 cm 3 ), and locomotor activity was measured 15 min after drug injection and analyzed using the video-based Ethovision System (Noldus, Wageningen, The Netherlands). Horizontal locomotor activity was converted to total ambulatory distance.
Immunohistochemistry
The mice were anesthetized with Zoletil 50 (10 mg/kg, i.m.) immediately after the retention trial and rapidly perfused transcardially with 0.1 M phosphate buffer (pH 7.4) followed by ice-cold 4% paraformaldehyde. Brains were removed and postfixed overnight in a phosphate buffer (0.05 M, pH 7.4) containing 4% paraformaldehyde. Frozen brains were coronally sectioned at 30 mm thickness on a cryostat and stored in storage solution at 4 1C. Immunohistochemistry was performed using polyclonal anti-pCREB (1 : 1000 dilution), anti-pERK (1 : 1000 dilution) or anti-pCaMKII (1 : 1000 dilution) antibodies as described previously .
Western Blot Analysis
Mice were killed immediately after the retention trial. Isolated hippocampal tissue was homogenized in ice-chilled Tris-HCl buffer (20 mM, pH 7.4) containing 0.32 M sucrose, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 10 mg/ml aprotinin, 15 mg/ml leupeptin, 10 mg/ml bacitracin, 10 mg/ml pepstatin, 15 mg/ml trypsin inhibitor, 50 mM NaF and 1 mM sodium orthovanadate. The samples of homogenates (20 mg of protein) were then subjected to SDS-PAGE (8%) under reducing conditions. Proteins were then transferred to PVDF membranes using transfer buffer (25 mM Tris-HCl, pH 7.4, containing 192 mM glycine and 20% v/v methanol) and separated at 100 V for 2 h at 41C. Blots were then incubated for 2 h in blocking solution (5% skim milk) at 4 1C overnight with 1 : 1000 dilutions of anti-pCREB, anti-pERK, or anti-pCaMKII antibodies, incubated with a 1 : 5000 dilution of horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature, and then developed by enhanced chemiluminescence (Amersham Life Science, Arlington Heights, IL). The blots were then stripped with stripping buffer (100 mMmercapto-ethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.8) and incubated with anti-CREB, anti-ERK or anti-CaMKII antibodies (1 : 5000). Film densitometry was performed using Quantity One Image Analysis System version 4.6.3 Figure 1 The site of intra-hippocampal microinjections. (a) Summary of the site of microinjection in the hippocampal CA3 region. Mice in which the cannulae were found to be misplaced were excluded. (b) Drug administration site confirmed by the infusion of 0.1 ml of 1% Evans Blue into the hippocampus after behavioral testing (coordinates: anteroposterior À2.10 mm from bregma; mediolateral ±2.50 mm from midline; and dorsoventral À2.00 mm from dura).
(Bio-Rad Laboratories, CA). The levels of phosphorylated CREB, ERK, and CaMKII were determined by calculating the ratios of phosphorylated protein to the corresponding total protein on the same membranes. These mean values were normalized to the same ratios obtained from the control animals. In the cases of pERK and ERK, we quantified total density of two bands.
Experiment 1: The Involvement of ERK Phosphorylation in Memory Retrieval
Our target molecules are all known to be involved in learning and memory. To test which molecule(s) are required for memory retrieval, the mice were divided into control and retrieval groups, and killed immediately after the retention trial (control group was killed at a time point equivalent to their respective experimental group). Next, mice were treated with KN62 or U0126 15 min before the retention trial, and killed immediately after the retention trial. Using the same procedure in another group of mice, we observed a dose-dependent effect of U0126 on memory retrieval.
Experiment 2: GABA A Receptor Activation Impairs Memory Retrieval
To investigate whether GABA A receptor agonists affect memory retrieval, mice with previous exposure to the acquisition trial were treated with muscimol or diazepam, underwent a retention trial and were killed. Because of any result from the passive avoidance task may be affected by state-dependency, the mice were treated with muscimol or diazepam 15 min before the acquisition and the retention trials. To investigate the interactive effects of GABA A receptor agonists and U0126 on memory retrieval, mice were co-administered muscimol or diazepam and U0126 15 min before the retention trial.
Experiment 3: GABA A Receptor Blockade Enhances Memory Retrieval
To test whether GABA A receptor antagonists affect memory retrieval, mice were treated with BMI or flumazenil 15 min before the retention trial and killed immediately after the retention trial. To test state-dependency, the mice were treated with BMI 15 min before acquisition and retention trials. To investigate the interactive effects of BMI and U0126 on memory retrieval, the mice were co-administered BMI with U0126 15 min before the retention trial.
Statistics
The results of the passive avoidance test, locomotor activity and western blot were analyzed by one-way analysis of variance (ANOVA) followed by Tukey's post-hoc test for multiple comparisons. For the antagonism study, interactions between GABA A receptor ligands and U0126 were separately analyzed by two-way ANOVA followed by Bonferroni's post-hoc test for multiple comparisons. Student's t-test was used to compare control and retrieval groups in Figure 2 and state-dependency test. Statistical significance was set at po0.05.
RESULTS
Experiment 1: Memory Retrieval Requires ERK Phosphorylation
The expression of several memory-related molecules in the hippocampal region, including pCREB, pCaMKII, and pERK, was examined following the retention trial of a one-trial passive avoidance task and compared against expression in mice that were not exposed to the retention trial (Figure 2a-d) . The immunoreactivities of pCREB (t(6) ¼ 3.888, po0.05; Figure 2b ), pERK (t(6) ¼ 3.881, po0.05; Figure 2c ) and pCaMKII (t(6) ¼ 2.903, po0.001; Figure 2d ) were significantly increased in the hippocampus immediately after the retention trial. To determine whether pCREB, pERK, or pCaMKII have key roles in memory retrieval, we injected KN62, a CaMKII inhibitor, or U0126, a MEK inhibitor, into the hippocampus 15 min before the retention trial.
Intrahippocampal injection of KN62 15 min before the retention trial significantly inhibited the upregulation of pCaMKII (F(2, 9) ¼ 14.480, po0.001; Figure 3c and d) and pCREB (F(2, 9) ¼ 7.373, po0.001; Figure 3c and d), but had no effect on the immunoreactivity of pERK (F(2, 9) ¼ 6.086, p ¼ 0.448; Figure 3c and d) or memory retrieval (t(14) ¼ 0.5164, p40.05, Figure 3a) . By contrast, U0126 reduced upregulation of pERK (F(2, 9) ¼ 16.910, po0.05; Figure 3c and d) and pCREB (F(2, 9) ¼ 7.376, po0.001; Figure 3c and d) while impairing memory retrieval, with no effect on the expression of pCaMKII (F(2, 9) ¼ 4.995, p ¼ 0.45; Figure 3c and d) . Moreover, injection of U0126 significantly impaired memory retrieval in a dose-dependent manner (F(3, 36) ¼ 6.768, po0.05; Figure 3b ) without affecting foot shock response (Supplementary Figure S2) . We used the sub-effective dose of U0126 (0.25 nmol/ml/side) for further blocking studies.
Experiment 2: GABA A Receptor Activation Impairs Memory Retrieval by Inhibiting ERK Phosphorylation
To investigate the effect of GABA A receptor agonists on memory recall, we utilized the one-trial passive avoidance task with pre-retention trial drug administration. Both the muscimol and diazepam impaired memory retrieval in a dose-dependent manner as demonstrated by shortened Figure 3 Blockade of extracellular signal-regulated kinase (ERK) phosphorylation inhibits memory retrieval. (a) Latency times measured during the retention trial were reduced by the administration of U0126 but not KN62. (b), Dose-dependent effects of U0126 on memory retrieval. Fifteen minutes before the retention trial, KN62 (1 mg/ml/side) or U0126 (0.25, 0.5, or 1 nmol/ml/side) were administered bilaterally into the hippocampus. Data are presented as the means±SEM (n ¼ 8-10 per group). *po0.05, compared with the vehicle-treated group. (c, d), Immunoblotting (c) and quantitative analysis (d) of pCREB, pCaMKII, and pERK levels in hippocampal tissues after the administration of KN62 or U0126 before the retention trial. Fifteen minutes before the retention trial, KN62 (1 mg/ml/side) or U0126 (1 nmol/ml/side) were administered bilaterally into the hippocampus. The mice were immediately killed after the retention trial. Data are presented as the means ± SEM (n ¼ 4 per group). *po0.05, compared with the control group; # po0.05, compared with the vehicle-treated group. Control, animals that did not undergo a retention trial; Vehicle, animals that underwent a retention trial but were treated only with vehicle; KN62, animals treated with KN62 that underwent a retention trial; U0126, animals treated with U0126 that underwent a retention trial.
latencies to cross into the dark compartment (muscimol, F(3, 28) ¼ 4.467, po0.05, Figure 4a ; diazepam, F(3, 28) ¼ 5.149, po0.05, Figure 4b ) without affecting foot shock response ( Supplementary Fig. S2 ). There were no significant differences in the latencies during the acquisition trial (Figure 4a and b) . Drug administration before both the acquisition and the retention trials also decreased the latency time, suggesting that there was no state-dependency (muscimol, t(18) ¼ 2.918, po0.05; diazepam, t(18) ¼ 2.413, po0.05) (Figure 4c) . Moreover, memory-impairing doses of muscimol and diazepam also blocked retrieval-induced ERK phosphorylation in the hippocampus (muscimol, F(2, 9) ¼ 17.73, po0.05; diazepam, F(2, 9) ¼ 11.18, po0.05) (Figure 4d) . Notably, intra-hippocampal injection of these drugs did not affect spontaneous locomotor activity (muscimol, F(3, 36) ¼ 0.2192, p40.05, Figure 4e ; diazepam, F(3, 36) ¼ 0.1712, p40.05) (Figure 4f ).
To determine whether the memory retrieval impairments caused by GABA A receptor agonists were correlated with the inhibition of ERK phosphorylation, we studied the effects of co-administering sub-effective doses of muscimol (0.25 mg/ ml/side) or diazepam (10 mg/ml/side) with a sub-effective dose of U0126 (0.25 nmol/ml/side) on memory retrieval (Figure 5a ) and the expression of pERK in the hippocampus (Figure 5b ). ANOVA analysis revealed significant treatment effects for the co-administration of muscimol with U0126 and diazepam with U0126 on memory retrieval (F(5, 36) ¼ 7.380, po0.05; Figure 5a ). Moreover, significant interactions between muscimol and U0126 (F(1, 28) ¼ 4.596, po0.05 ) and between diazepam and U0126 (F(1, 28) ¼7.489, po0.05) on latency time were observed (Figure 5a ). In addition, ANOVA analysis revealed that pERK levels were significantly affected by the co-administration of muscimol and U0126 or diazepam and U0126 in the hippocampus (F(5, 18) ¼ 10.036, po0.03; Figure 5b ). Moreover, significant interactions were found between muscimol and U0126 (F(1, 12) ¼ 6.334, po0.05) and between diazepam and U0126 (F(1, 12) ¼ 13.124, po0.05) on pERK levels (Figure 5b ). These results indicate that the hippocampal GABA A receptor activation-induced impairment of memory retrieval correlates with ERK phosphorylation.
Experiment 3: GABA A Receptor Blockade Enhances Memory Retrieval by ERK Phosphorylation
To investigate the effect of GABA A receptor antagonists on memory recall, we used a one-trial passive avoidance task and administered drugs before the retention trial. The injection of BMI increased latency time in a dose-dependent manner (F(3, 28) ¼ 3.651, po0.05, Figure 6a ) without affecting foot shock response ( Supplementary Fig. S2 ), and the latency time was significantly increased at 1 nmol/ side. However, flumazenil failed to affect memory retrieval (Figure 6b ). Drug administration before both acquisition and retention trials also increased latency time, suggesting that BMI did not induce state-dependency (t(18) ¼ 3.093, po0.05, Figure 6c ). Memory-enhancing doses of BMI also significantly increased retrieval-induced ERK phosphorylation in the hippocampus (F(2, 9) ¼ 31.17, po0.05, Figure 6d ). However, intra-hippocampal injections of these drugs did not affect spontaneous locomotor activity (F(3, 35) ¼ 0.4543, p40.05, Figure 6e ).
To determine whether memory retrieval enhancement by BMI is correlated with ERK phosphorylation, we studied the effects of the co-administration of BMI (1 mg/ml/side) and the sub-effective dose of U0126 (0.25 nmol/ml/side) on memory retrieval (Figure 7a ) and the immunoreactivity of pERK in the hippocampus (Figure 7b ). ANOVA analysis revealed significant treatment effects for the co-administration of BMI and U0126 on memory retrieval (F(3, 28) ¼ 11.76, po0.05, Figure 7a ). Moreover, a significant interaction between BMI and U0126 on latency was observed (F(1, 28) ¼ 5.349, po0.05, Figure 7a ). In addition, ANOVA analysis revealed that pERK levels were significantly affected by the co-administration of BMI and U0126 in the hippocampus (F(4, 15) ¼ 6.648, po0.05, Figure 7b) , and significant interactions were found between BMI and U0126 on pERK level (F(1, 12) ¼ 5.586, po0.05, Figure 7b ). Together, these results indicate that the enhancement of memory retrieval caused by the blockade of hippocampal GABA A receptor correlates with ERK phosphorylation.
DISCUSSION
Memory retrieval is an essential component of memory processing and is the first aspect of memory function to decline in early Alzheimer's disease (Nakazawa et al, 2002) . Although various molecules, including ERK and CREB, are involved in memory retrieval in the several brain regions examined (Abel and Lattal, 2001; Nader, 2003; Suzuki et al, 2004; Viosca et al, 2007) , it is widely accepted that the ERK signaling pathway is crucial for memory retrieval (Barros et al, , 2003 Izquierdo et al, 2001; Leon et al, 2010) . Our present findings indicate that GABA A receptor activation impairs memory retrieval and reduces retrieval-associated ERK phosphorylation. The findings also indicate that blockade of GABA A receptor facilitates memory retrieval and increases retrieval-associated ERK phosphorylation.
In the present study, the phosphorylation of CREB, ERK, and CaMKII in the hippocampus were all increased during the retention trial of the passive avoidance task. These signaling molecules are all known to have key roles in learning and memory processes. In particular, the transcription factor CREB is required for hippocampusdependent LTP (Balschun et al, 2003) . The activation of CREB by phosphorylation requires the activation of protein kinase A, ERKs, or CaMKs, which suggests that several memory-associated signaling molecules are related to the phosphorylation of CREB (Dubynina and Dolotov, 2009 ). In addition, the possibility that retrieval is in some way similar to memory consolidation or encoding has been suggested (Smith and Spear, 1984; Szapiro et al, 2000; Hall et al, 2001) . In line with these reports, we found that several markers of memory consolidation or acquisition (ie, phosphorylated CaMKII, ERK, and CREB) were increased after the retention trial. Furthermore, it has been reported that memory retrieval requires various molecules, such as MAPK and neurotransmitter receptors, including metabotropic glutamate receptors (Bianchin et al, 1994; Micheau and Riedel, 1999; Izquierdo et al, 2000; Mikami et al, 2007; Leon et al, 2010) . Interestingly, although pCaMKII expression was found to be positively associated with retrieval performance, KN62 failed to impair memory retrieval. KN62 Figure 5 g-Aminobutyric acid type A (GABA A ) receptor activationinduced memory retrieval impairment correlates with extracellular signalregulated kinase (ERK) phosphorylation. Fifteen minutes before the retention trial, muscimol (0.25 mg/ml/side) with U0126 (0.25 nmol/ml/side) or diazepam (10 mg/ml/side) with U0126 (0.25 nmol/ml/side) was administered bilaterally into the hippocampus. (a), Latency times measured during the retention trial were reduced by muscimol and U0126 or diazepam and U0126 administration. Data are presented as the means ± SEM (n ¼ 8 per group). *po0.05, compared with the vehicle-treated control group. (b), Immediately after the retention trial, the mice were killed for western blotting to measure pERK level in the hippocampus. Data are presented as the means±SEM (n ¼ 4 per group). *po0.05, compared with the vehicle only-treated retrieval group.
decreased the retrieval-induced expression of both pCaM-KII and pCREB. Previously, Kida et al (2002) reported that CREB-mediated transcription and de novo protein synthesis are not required for the retrieval of long-term conditioned fear memory. In addition, CaMKII is reported to be required for memory reconsolidation, but not retrieval (Sakurai et al, 2007) . Collectively, these results indicate that although pCREB and pCaMKII were increased by memory retrieval performance, they are not critically required for memory retrieval. Previous work by another group also supports this finding (Szapiro et al, 2000) .
Hippocampal MAPK/ERK has a central role in several different memory types, including fear memory in contextual fear conditioning and inhibitory passive avoidance (Sweatt, 2004; Davis and Laroche, 2006; Giovannini, 2006; Leon et al, 2010) . Moreover, PD098059, a MEK inhibitor, which was bilaterally infused into hippocampal CA1 region or the cerebral cortex before retention testing, blocked the retrieval of long-term memories Izquierdo et al, 2000) . Szapiro et al (2000) have also suggested that the activity of the MAPK pathway in hippocampal CA1 is important for memory retrieval. In agreement with these previous reports, we observed increased ERK phosphorylation in the hippocampus of mice following the retention trial of a passive avoidance task. Furthermore, mice treated with U0126 exhibited impaired memory retrieval, but mice treated with KN62 did not. We conclude that although memory retrieval induces the upregulation of several memory-related molecules, only a subset of these molecules, such as ERK, is involved in memory retrieval.
GABAergic neurotransmission has been implicated in learning and memory processes, including memory acquisition, consolidation, and retrieval. It is generally accepted that GABA A receptor agonists impair and antagonists facilitate memory function (Brioni and McGaugh, 1988; McGaugh et al, 1990; Kim et al, 2009) . However, the mechanism underlying the effects of GABAergic drugs on memory retrieval have not been fully elucidated. Recently, Boyle et al (2009) reported that flurazepam, an agonist of the benzodiazepine-binding site of GABA A receptor, impairs the memory acquisition process. It has also been reported that flurazepam inhibits ERK phosphorylation in the cerebral cortex (Kalluri and Ticku, 2002) , which suggests that the memory impairments mediated by GABA A Figure 6 g-Aminobutyric acid type A (GABA A ) receptor blockade facilitates memory retrieval. (a, b), Fifteen minutes before the retention trial, bicuculline methiodide (BMI: 0.25, 0.5, or 1 mg/ml/side, a) or flumazenil (0.5, 1, or 2 mg/ml/side, b) was administered bilaterally into the hippocampus. The latency times that were measured during retention trial were increased by BMI administration in a dose-dependent manner. (c), To test state-dependency of BMI (1 mg/ml/side), the mice were treated with BMI bilaterally 15 min before both the acquisition and the retention trial. Data are presented as the means±SEM (n ¼ 8-10 per group). *po0.05, compared with the vehicle-treated group. (d), The effect of BMI (1 mg/ml/side) on memory retrieval-induced ERK activation. The mice were killed immediately after the retention trial. Data are presented as means ± SEM (n ¼ 4 per group). *po0.05, compared with the control group; # po0.05, compared with the vehicle-treated group. Control, animals exposed to the acquisition but not the retention trial. (e), The motoric effect of BMI (0.25, 0.5, or 1 mg/ml/side) in the open field test. Drugs were injected 15 min before the test and the distance each mouse moved was recorded for 5 min. Data are presented as means ± SEM (n ¼ 10 per group).
receptor agonists may be associated with the inhibition of ERK phosphorylation. The increases in pERK levels induced by acute restraint stress have also been reported to be inhibited by muscimol, an agonist of the GABA A receptor, and augmented by bicuculline, an antagonist of the GABA A receptor (Zheng et al, 2007) . As the GABA A receptor modulates ERK phosphorylation during acquisition or memory consolidation, ERK phosphorylation or the ERK signaling pathway should have a crucial role in memory retrieval during manipulation of GABA A receptor. More directly, Igaz et al (2006) reported that pre-training muscimol administration produced deficits in short-term memory retention and decrease in training-induced ERK2 activation. Although these previous findings investigated the role of both the GABA A receptor and intracellular molecular events in memory process or hippocampal ERK activation, they did not specifically demonstrate the role of direct interactions between the GABA A receptor and ERK signaling in long-term memory retrieval. However, from those works, it can be speculated that hippocampal ERK activity is required for GABA A receptor ligand-induced memory retrieval. We investigated this speculation and found that muscimol and diazepam inhibited memory retrieval-induced increases in ERK phosphorylation and impaired memory retrieval. Moreover, co-administration of sub-effective doses (doses that did not affect memory retrieval) of muscimol plus U0126 or diazepam plus U0126 blocked the increases in ERK phosphorylation and impaired memory retrieval. These findings suggest that the ERK pathway is involved in GABA A receptor-mediated memory retrieval impairments. In addition, the failure of muscimol and diazepam to affect basal pERK levels indicates that ERK phosphorylation may be primarily responsible for GABA A receptor signaling during memory retrieval (Supplementary Figure S1) .
Blockade of the GABA A receptor with BMI increased basal pERK levels. Hardingham et al (2001) reported that bicuculline induced the phosphorylation of ERK in untreated hippocampal neuronal cultures. Previously, we observed that BMI enhanced memory consolidation and increased ERK and CREB phosphorylation levels (Supplementary Figure S3 ). These findings suggest that BMI may enhance memory retrieval. In the present study, BMI further facilitated the retrieval-induced increase in ERK phosphorylation and enhanced memory retrieval. Moreover, a sub-effective dose of U0126 blocked BMI-induced memory retrieval enhancement and increased ERK phosphorylation. Thus, we conclude that ERK signaling has a role in GABA A receptor blockade-induced facilitation of memory retrieval. Celik et al (1999) reported that flumazenil had no effect on acquisition performance. However, several previous studies have reported that a pre-training injection of flumazenil enhanced learning and memory (Lal and Forster, 1990; Prather et al, 1992) and antagonized diazepam-induced memory impairment (Venault et al, 1987) . In the present study, flumazenil did not modify memory retrieval. These results suggest that flumazenil does not directly modify memory retrieval or ERK phosphorylation. Until now, it has been unclear exactly where the relevant GABA A receptors are located. In previous reports, hippocampal noradrenergic activation has been reported to induce ERK activation at the CA3-CA1 synapses (Gelinas and Nguyen, 2005; Scheiderer et al, 2008) . Bonanno and Raiteri (1987) also reported that release-regulating GABA A receptors are present on noradrenergic nerve terminals in the hippocampus. Although we do not have direct evidence, we speculate that the effect of GABA A receptor ligands may be mediated by GABA A receptors on noradrenergic neurons (Makkar et al, 2010) . However, the possibility that those ligands act directly on receptors on the membranes of excitatory neurons of the hippocampus to affect ERK signaling in those neurons cannot be ruled out. Further studies will be needed to clarify these issues.
In summary, GABA A receptor agonists appear to decrease memory retrieval by inhibiting the increase of ERK Figure 7 g-Aminobutyric acid type A (GABA A ) receptor blockadeinduced memory retrieval enhancement correlates with ERK phosphorylation. Fifteen minutes before the retention trial, BMI (1 mg/ml/side) with U0126 (0.25 nmol/ml/side) was administered bilaterally into the hippocampus. (a) BMI-induced increases in the latency time during the retention trial were reduced by U0126 administration. Data are presented as the means±SEM (n ¼ 8 per group). *po0.05. (b) Immediately after the retention trial, the mice were killed for Western blotting to measure pERK levels in the hippocampus. Data are presented as the means±SEM (n ¼ 4 per group). *po0.05.
phosphorylation that is normally induced by memory retrieval. Furthermore, GABA A receptor antagonists appear to facilitate memory retrieval by augmenting the increase of ERK phosphorylation that is induced by memory retrieval. Based on these results, we suggest that the GABA A receptor modulates memory retrieval by modulating the ERK phosphorylation that is induced during this process.
